The percutaneous absorption of topically applied jet fuel hydrocarbons (HC) Different jet fuels contain different additives based on the performance requirements of the aircraft. The principal difference between fuels is the freezing and flash-point specifications. Military aircraft fly under extreme
conditions compared with commercial or civilian aircraft, requiring specific additives to the basic hydrocarbon fuel components of Jet A (commercial fuel) to increase performance (White, 1999) . JP-8 jet fuel is the standard military fuel for all types of vehicles, including the U.S. Air Force aircraft inventory. As such, JP-8 presents the most common chemical exposure in the Air Force, particularly for flight and ground crew personnel during preflight operations and for maintenance personnel performing routine tasks. Personal exposure at an Air Force base occurs through occupational exposure for personnel involved with fuel and aircraft handling and/or through incidental exposure, primarily through inhalation of ambient fuel vapors. Because JP-8 is less volatile than its predecessor fuel (JP-4), contact with liquid fuel on skin and clothing may result in prolonged exposure. The slowly evaporating JP-8 fuel tends to linger on exposed personnel during their interaction with previously unexposed colleagues, providing an additional potential route for exposure (Pleil et al., 2000) . JP-8 has the potential to induce local and systemic toxicity from cutaneous exposures (McDougal & Rogers, 2004) . Neurological effects and irritant dermatitis have been reported in workers exposed to JP-8 jet fuel (Zeiger & Smith, 1998; Smith et al., 1997) . Significant effects on the immune, hepatic, neurological, and respiratory systems have been observed in several animal exposure studies (Grant et al., 2000; Harris et al., 2000; Robledo et al., 2000) .
Topical application of jet fuels can produce gross morphological changes in porcine skin (Monteiro- Rhyne et al., 2002) , and can release tumor necrosis factor-α and interleukin-8 (IL-8) in cultured human epidermal keratinocytes (HEK) and in porcine keratinocytes (Allen et al., 2000 (Allen et al., , 2001 . Different aliphatic and aromatic HC are found to induce IL-8 release from HEK (Chou et al., 2002 (Chou et al., , 2003 . These findings suggest that toxic components in jet fuels readily penetrate skin to elicit these dermatological effects. Several dermal absorption studies in rats (McDougal et al., 2000) and porcine skin flaps and skin sections (Riviere et al., 1999; Baynes et al., 2001) have assessed the dermal disposition of several jet fuel components and additives.
The crews working on jet engine fuel tank maintenance wear fuel-permeable cotton coveralls to reduce the possibility of explosion due to the generation of static electricity associated with more protective clothing. Daily exposure to fuels results in saturation of the cotton cloth, resulting in an occluded environment for repeated, long-term exposure to the skin during the typical 8-h workday (Allen et al., 2001) . Chronic exposure to jet fuel has been shown to produce human liver dysfunction, emotional dysfunction, abnormal electroencephalograms, shortened attention spans, decreased sensorimotor speed, and changes in immune functions (Harris et al., 2001) . Repeated application of petroleum middle distillates to the skin produces chronic irritation and inflammation (Freeman et al., 1990; Grasso et al., 1988) . Fabric soaked with jet fuels for 4 d and evaluated on d 5 produced significant skin damage in pigs (Monteiro- . The disruption of barrier function of skin, as indicated by an increase in transepidermal water loss after exposure to JP-8, might result in increased permeation of its own components and/or other FUEL EXPOSURE EFFECT ON HYDROCARBON DERMAL ABSORPTION 721 chemicals exposed to skin (Kanikkannan et al., 2001a; Monteiro-Riviere et al., 2001) . Preexposure of skin to laurocapram, a compound similar to some of the JP-8 performance additives, enhanced the penetration of sodium lauryl sulfate (SLS), suggesting that an increase in irritation at the exposed site is possible (Szolar-Platzer et al., 1996) .
Studies showed a dose-related increase in the percutaneous absorption of the jet fuel aromatic HC with hexadecane (a fuel constituent) as a solvent (Muhammad et al., 2004) . Repeated daily exposure to jet fuels is the more likely scenario in an occupational setting. There is no available information on percutaneous absorption of jet fuel components after repeated exposure or preexposure to fuel. Understanding this process is necessary to interpret pertinent exposure data and to minimize hazardous health risks in humans. Are skin-retained HC from past fuel exposure susceptible to mobilization by subsequent aqueous solvent exposure? Do such retained HC modify subsequent HC absorption? The present study was designed to assess the in vitro percutaneous absorption of a mixture of 14 selected jet fuel HC after single and repeated in vivo exposures to JP-8. This study used a polar solvent, in contrast to a nonpolar one such as hexadecane, which may enhance the dermal penetration of fuel hydrocarbons to allow for easy detection in perfusate samples. Specifically, this study was conducted to determine the following:
Whether in vivo preexposure of skin to jet fuel would affect the subsequent in vitro percutaneous absorption of selected marker components. Whether single-dose application data from naive (control) skin for jet fuel marker HC can be used to predict the dermal penetration after repeated exposures.
MATERIALS AND METHODS

In Vivo Exposure Experiments
Female weanling Yorkshire pigs (4-8 wk old, 35-45 lb) obtained from local breeders were used in these experiments. One animal was used for each in vitro flow-through experiment. All in vivo exposures were conducted according to Institutional Animal Care and Use Committee (IACUC) guidelines. In order to mimic occupational exposure conditions, prewashed cotton fabric strips (25 × 8 cm) were used to expose the pigs to JP-8 jet fuel and covered an area of 12 × 8 cm. Pigs were sedated with an intramuscular injection of ketamine/xylazine/telazol and hairs were clipped from the back 24 h before dosing. In total, four cotton fabric strips were used on each pig. Two of them were dosed with 2 ml JP-8 in the middle of the strip to saturate the marked dosing area in 1-d in vivo exposures. These two dosed strips were redosed with the same amount of JP-8 on d 2, 3, and 4 after the first application in the 4-d exposure study. The other two strips were used as controls. All the strips were removed from the body of the pig after 24 h and after 4 d of JP-8 application in 1-and 4-d exposures respectively. One dosed and nondosed area was dermatomed for diffusion skin flow through experiments. The same control and exposed sites were used for each experiment.
In Vitro Flow-Through Experiments
The flow-through diffusion cell system, as previously described by Bronaugh and Stewart (1985) , was used to perfuse porcine skin. The skin was dermatomed to a thickness of 500 µm with a Padgett dermatome (Padgett Instruments, Kansas City, MO). This thickness was employed to ensure that the base of hair follicles was not sectioned. The skin was trimmed to provide a dosing surface area of 0.64 cm 2 and then placed into a two-compartment Teflon flow-through diffusion cell (Crowne Glass, Sommerville, NJ). For these experiments, eight aliphatic (nonane, decane, undecane, dodecane, tridecane, tetradecane, pentadecane, hexadecane) and six aromatic (ethyl benzene, o-xylene, trimethyl benzene, cyclohexyl benzene, naphthalene, dimethyl naphthalene) hydrocarbons were used as dosing mixture with water + ethanol (50:50) as the diluent. The dosing mixture was comprised of nonane (288 µg), decane (292 µg), undecane (1236.6 µg), dodecane (1410 µg), tridecane (1320 µg), tetradecane (912 µg), pentadecane (492.8 µg), hexadecane (308µg), naphthalene (510.4 µg), dimethyl naphthalene (526.8 µg), ethyl benzene (346.8µg), o-xylene (348 µg), cyclohexyl benzene (380 µg), and trimethyl benzene (355.6 µg) per diffusion cell in water + ethanol (50:50) as solvent. Aqueous ethanol was selected as a solvent to ensure detection of topically applied HCs in perfusates. A total of 20 µl of this dosing mixture was dosed topically in diffusion flow-through cells. This dosing concentration was selected for better chromatographic detection for most of selected HC in perfusates (Muhammad et al., 2004) . The skin flow-through diffusion cells were dosed separately in the following order for both 1-and 4-d exposure experiments: first 5 cells (preexposed skin + dosing mixture); next 5 cells (preexposed skin + diluent only in order to access the skin retention of jet fuel HC); last 4 cells (control skin not preexposed to JP-8 from the same pig + dosing mixture).
Skin flow-through cells were perfused with Krebs-Ringer bicarbonate buffer with dextrose (0.12%) and bovine serum albumin (4.5%). The temperature of the perfusate and flow-through cell was maintained at 37°C using a Brinkmann constant temperature circulator (Brinkmann, Westbury, NY). The pH of perfusate was maintained between 7.4 and 7.5. Perfusate flow rate was 4 ml/h. Sampling was accomplished in an open-air system using an automated fraction collector (ISCO Retriever IV, Lincoln, NE). Perfusate samples were taken at 0, 10, 20, 30, 45, 60, 75, 90, 105, 120, 150, 180, 240 , and 300 min and saved immediately in a freezer until chromatographic analysis.
Chromatographic Analysis
Solid-phase microextraction (SPME) fiber with headspace sampling was used to assay the perfusates as described previously (Muhammad et al., 2004) . Chromatographic analysis was performed on a gas chromatograph (GC) 5890 (Hewlett Packard series II) equipped with a flame ionization detector (FID). The sensitivity of GC-FID for all the standards was 0.1 µg/ml. The limit of detectability in samples with SPME fiber was 0.1-1 ng/ml for short-chain aliphatic and 5 ng/ml for aromatic HC. GC-FID conditions were as follows: DB-5 capillary column (30 m × 0.25 mm ID, 0.25 µm film thickness; J & W Scientific); injection port temperature, 280°C; detector temperature, 300°C; oven temperature, 40-280°C (held at 40°C for 3 min, then increased at 8°C/min up to 160°C, then at 30°C/min up to the final temperature of 280°C for 1 min); carrier gas (helium) flow rate, 1.24 ml/min; carrier + makeup gas (He) flow rate, 22.5 ml/min; hydrogen flow rate, 45 ml/min; air flow rate, 300-320 ml/min. SPME devices and 100-µm polydimethylsiloxane (PDMS) fiber assemblies were purchased from Supelco (Bellefonte, PA).
Standard Curves
Stock solutions of each of the tested hydrocarbons were prepared individually in acetone. All stock solutions were mixed together and serially diluted in acetone to yield concentrations of 10, 5, 2.5, 1, 0.5, and 0.1 µg/ml. Equal volumes of perfusion media were spiked with each of these concentrations to have standard solutions of 1000, 500, 250, 100, 50, and 10 ng/ml of media accordingly; 300 µl from each of these standard solutions was drawn into GC glass vials. A tiny stir bar was placed into each vial, which was sealed and exposed to head space (HS) SPME fiber for 25 min at 37°C along with continuous stirring. The SPME fiber was then injected into the GC and held for 5 min. The peak areas obtained were then plotted against standard concentrations, and linear relationships with good correlation coefficients were obtained for all the tested hydrocarbons. The same procedure was adopted for the analysis of perfusate samples.
FTIR Experiments With the Stratum Corneum
Stratum corneum (SC) sheets were prepared from the dissected porcine skin according to the method described by Baynes et al. (2000) . Briefly, the dissected skin was trimmed to fit between preheated aluminum blocks and placed in an oven at 60°C for 6-8 min. The SC/epidermis was removed using dissection forceps and placed dermis side down into petri dishes lined with filter paper and containing 0.25% trypsin (Sigma) to dissolve the epidermis. After 24 h in an incubation oven at 35°C, trypsin inhibitor (Sigma) was added to neutralize trypsin and the SC was washed with distilled water. The SC was dried at room temperature for 24 h and then in a desiccator for 48 h. We used dried SC sheets for Fourier transform infrared (FTIR) analysis based on previous studies of Panchagnula et al. (2001) , Levang et al. (1999) , and Potts and Francoeur (1992) , who used dried SC sheets for evaluation of lipids. Hydrated tissues cannot be evaluated with FTIR since this instrument utilizes a transmission beam. If there is water in the tissue, it will absorb all the infrared energy and significantly alter the infrared spectrum. The dried SC discs were scanned by a Fourier transform infrared (FTIR) spectrometer (Spectrum 1000, Perkin Elmer Instruments, Shelton, CT) and placed in vials. About 2 ml of each of the tested hydrocarbons was added to the SC sample vials (n = 4), which were capped, sealed, and allowed to remain undisturbed at room temperature for 24 h. At 24 h, each SC sample was removed and placed under a hood overnight, and then in a desiccator for 48 h to dry it completely. Dried SC samples were scanned again with FTIR and compared with the respective scans before treatment. The FTIR peak heights and widths were analyzed with Spectrum software by Perkin Elmer Instruments (Shelton, CT).
Calculations and Statistics
The perfusate concentrations (ng/ml) were determined for the different dosing protocols. Absorption was defined as the total amount (ng) detected in the perfusate for the entire 5-h perfusion period. Absorption parameters of flux, permeability, and diffusivity were calculated as follows. Flux (µg/cm 2 /h) for individual hydrocarbons was determined at steady state from the slope of cumulative mass per unit area versus time (h) curve. All possible points were used that were at steady state (linear) in each cumulative absorption curve for determination of slopes (Figure 1 ). The permeability constant (cm/h) was determined by dividing the steady state flux (slope of cumulative µg/cm 2 vs. time curve) by applied surface hydrocarbon concentration. Diffusivity (cm Statistical analysis of steady-state flux (Jss), permeability constant, diffusivity, and absorption data were conducted using multiple comparison tests and analysis of variance (ANOVA) with significance level at .05. All analysis was carried out using SAS 8.1 for Windows software (SAS Institute, Cary, NC). A least significance difference (LSD) procedure and Student's t distribution were used for multiple comparisons on all parameters assessed.
RESULTS
Influence of JP8 Preexposure on the Absorption Kinetics of Aliphatic Hydrocarbons
Out of eight topically dosed aliphatic hydrocarbons in flow-through in vitro diffusion cells, only four (nonane, undecane, dodecane, and tridecane) were observed in the perfusate samples. Decane and pentadecane were not resolved chromatographically, while tetradecane and hexadecane were not detected in both 1-and 4-d JP-8 preexposed skin flow-through experiments. The total absorption of nonane (154 ng in 1-d and 178 ng in 4-d JP-8 preexposed skin) was significantly greater than that of respective controls (51 ng and 80 ng) (Tables 1 and 2 ). The steady-state flux and permeability of nonane were significantly greater in both 1-and 4-d preexposed skin than in control skin. These absorption parameters for dodecane and tridecane were statistically significant in 4-d JP-8 preexposure experiments (Tables 1 and 2 ). The data showed that the total absorption of undecane, dodecane, and tridecane was significantly greater than their respective controls in 4-d preexposed skin, unlike the 1-d preexposed skin, where the difference was nonsignificant. The absorption profiles of dodecane shown in Figure 2 suggest an increased absorption plateau in the 4-d JP-8 preexposed skin over the 1-d preexposed skin, with respect to the control skin. In general, there was a two-to threefold increase in the absorption of nonane and undecane in 1-d while a threeto four fold increase in absorption of dodecane and tridecane was obtained through 4-d JP-8 preexposed skin, when compared to the control skin (Table 3) .
Influence of JP8 Preexposure on the Absorption Kinetics of Aromatic Hydrocarbons
Naphthalene absorption over the entire 5-h perfusion in 1-d JP-8 preexposed skin was 17,818 ng, as compared to 10,276 ng in unexposed skin. In 4-d preexposed skin, this was 19,835 ng, with respect to 12,030 ng in control skin. This increase was significantly different in both exposure scenarios (Tables 1 and 2 ). Similarly, it was evident from these tables that naphthalene flux, permeability, and diffusivity were statistically significant from controls in both preexposures. The total absorption, as well as absorption parameters, for dimethyl naphthalene was statistically different than for controls in 4-d preexposed skin (Table 2) . Both naphthalene and dimethyl naphthalene were approximately 1.5 times more absorbed in JP-8 preexposed skin as compared to unexposed skin (Table 3 ). The benzene-containing hydrocarbons such as ethyl benzene, o-xylene, and trimethyl benzene showed a two-and fourfold increase in percutaneous absorption through 1-and 4-d JP-8 preexposed skin, respectively (Table 3 ). The effect of prolonged JP-8 exposure upon skin was evident by the increased difference from control (naive skin not exposed to JP-8) in absorption profiles of o-xylene in 4-d preexposed skin compared to 1-d preexposed skin (Figure 3) . Tables 1 and 2 summarize the statistically significant differences in absorption parameters of ethyl benzene, o-xylene, trimethyl benzene, and cyclohexyl benzene in both 1-and 4-d JP-8 preexposed skin experiments, respectively.
Comparative Hydrocarbons absorption Kinetics
As seen in Tables 1 and 2 , the rank order of permeability constants was naphthalene > o-xylene > ethyl benzene > trimethyl benzene > cyclohexyl benzene > dimethyl naphthalene > nonane > undecane > dodecane > tridecane in both 1-and 4-d JP8 preexposed skin. Only cyclohexyl benzene permeated less in 4-d than in 1-d preexposed skin. For all components, the rank 
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order of total absorption and steady state flux was similar to that of the permeability constant. There were no statistically significant differences in total absorption and its parameters among aliphatic hydrocarbons for both preexposed time points (Tables 1 and 2 ). Preexposure also increased the diffusivity constant for all aromatic HC studied, although such changes did not occur for the aliphatic HC.
Skin Retention of Hydrocarbons
The fuel hydrocarbons retained in skin as a result of repeated JP-8 application to pigs are presented in Table 4 . Out of all studied hydrocarbons, naphthalene, dimethyl naphthalene, and cyclohexyl benzene were found to have significant skin retention in 4-d JP-8 preexposed skin as compared to 1-d preexposed skin.
Stratum Corneum Analysis With FTIR
FTIR analysis of stratum corneum before and after treatment with selected hydrocarbons shed some light on the possible mechanism of increased hydrocarbon absorption in JP-8 preexposed skin. Emphasis was placed on the peaks, which appeared at approximately 2850 and 2920 cm −1 and were due to symmetric and asymmetric C-H stretching, respectively. The decrease in CH 2 stretching bandwidths, accompanied by a decrease in CH 2 band intensity, was observed with most of the aromatic HC ( Figure 4 ) and short-chain aliphatic hydrocarbons. The longer chain aliphatic HC like tetradecane and hexadecane showed an increase in CH 2 stretching peak width and peak shift toward higher wave number (Figures 5 and 6 ). The dimethyl naphthalene skin retention might be due to accumulation of this HC in stratum corneum as indicated in Figure 7 , where three peaks (800-650 cm
) in the dimethyl naphthalene spectrum exactly matched with the SC spectrum after treatment with DMN.
DISCUSSION
Previously, data showed a dose-related increase in percutaneous absorption of aromatic hydrocarbons like naphthalene and dimethyl naphthalene, suggesting linear first-order pharmacokinetics (Muhammad et al., 2004) . This is critical from the risk assessment point of view, as greater or prolonged exposure to jet fuels may lead to enhanced absorption of such hydrocarbons resulting in local or systemic toxic effects in exposed individuals. These studies prompted us to consider the effect of chronic/repeated skin exposure to jet fuels on a daily basis. There are limited data in the literature regarding prolonged dermal exposure to jet fuels. Upreti et al. (1989) exposed mice to kerosene 15-60 min/d for 7 d by wrapping the hind feet with a muslin cloth wetted with kerosene and observed systemic consequences of this relatively brief dermal exposure. Ingram et al. (1993) applied 3 kerosenes dermally to mice 3 times/wk for up to 6 wk and found that relative penetration through the skin surface was directly related to the degree of epidermal necrosis observed. There is increasing evidence that severe, long-term fuel-induced dermal irritation, necrosis, and regeneration may be integrally related to possible tumorigenesis (McKee et al., 1994; Walborg et al., 1998) . Ritchie et al. (2003) suggested that the reduction in the integrity in the dermal barrier by repeated exposure to kerosene-based fuels might increase systemic exposure to other occupational toxicants as well as to toxic components of the fuel itself during subsequent exposures. Therefore, the following hypothesis was tested in this study: "Repeated/preexposure of skin to JP8 jet fuel causes disruption in the skin barrier function by extracting/altering the lipids in the stratum corneum layers or from dermal depots, which lead to an increase in the dermal absorption of hydrocarbons on subsequent exposures." The results obtained in the present study agree with our hypothesis. Data showed an increase was observed in the absorption of some aliphatic and aromatic HC upon repeated JP-8 exposures to pig skin. The amount of HC absorption was directly proportional to the length of exposure, as a two fold increase was observed in absorption after 1 d and fourfold increase after 4 d of JP-8 preexposures with aromatic HC like ethyl benzene, o-xylene, and trimethyl benzene (Table 3) . Similarly, dodecane and tridecane absorbed more in 4-d as compared to 1-d preexposures. These observations are in accordance with Kanikkannen et al. (2001a Kanikkannen et al. ( , 2001b , who stated that disruption of barrier functions of skin after exposure to JP-8 was hypothesized to increase permeation of its own components, or other chemicals exposed to skin. The increased diffusivity of aromatic HC, as well as the FTIR studies discussed laters; supports this hypothesis.
An alternate explanation for this increase in HC absorption may be that after the previous in vivo exposures, the skin contains levels of aliphatic HC that increase their overall flux/absorption on subsequent in vitro dermal exposure. Since aliphatic HC are highly lipophilic (log K o/w > 5), they could persist in skin for prolonged periods and could be partitioned out later after SC penetration of polar solvents. This explanation is not appropriate for aromatic HC as the amount "driven out" of JP-8 preexposed skin with diluent was negligible as compared to what is absorbed (Tables 1 and 2 ) with dosing mixtures. This is clearly illustrated in Figure 3 for o-xylene. These data suggest a JP-8-induced alteration of the membrane. In these studies, polar solvent (ethanol/water) was used to provide an experimental scenario where HC absorption is facilitated by altering the lipid milieu so that hydrocarbons in any dermal depot would be absorbed. Solvent extraction and reordering of lipids in the SC from JP-8 exposure reduce the lipophilicity of the SC and appear more likely to enhance the penetration of more hydrophilic molecules such as this polar solvent. As expected, data showed a manyfold increase in absorption of hydrocarbons through unexposed (control) skin with polar solvent in the present study as compared to our previous study with hexadecane (a fuel constituent) as solvent (Muhammad et al., 2004) with similar topical in vitro doses. This increased the sensitivity of the present study design. Dosing of HC in a polar solvent potentiates absorption compared to dosing in hexadecane, as the vehicle/SC partition coefficient now favors the SC. This process continues as the polar solvent itself is absorbed across the JP-8-damaged barrier and lowers the SC/perfusate partition coefficient to favor perfusate absorption and thus increased transdermal flux. Mobilization of previously absorbed hydrocarbons with this diluent thus is not responsible for the increased flux seen in these studies.
Out of all the studied HC, aromatics absorbed more efficiently than aliphatic HC (Tables 1 and 2 and Figures 2 and 3) , a finding consistent with our previous studies (Riviere et al., 1999; Baynes et al., 2001; Muhammad et al., 2004) and with those of McDougal et al. (2000) . Steady-state flux and permeability were statistically different for most studied HC in both 1-and 4-d JP-8 preexposures as compared to controls (Tables 1 and 2 ), suggesting that JP-8 preexposure produced changes in the barrier functions of skin, thus altering these absorption parameters. Interpreting diffusivity data in skin is complicated by the fact that the stratum corneum is a lipid domain and the viable epidermis is comparably a hydrophilic entity with quasi-liquid-like properties (Potts & Francoeur, 1991) . The variations in diffusivities among various HC in this study might be due to differences in their lag times. This is evident in Table 1 , as the in vitro percutaneous absorption of aromatic HC is significantly different from the control even after single (1-d) in vivo exposure. Additionally, the computed values of permeability and diffusivity would be affected by previously absorbed compounds mobilized by diluent. As discussed, this might impact aliphatic data more than those of aromatics. These findings suggest that dermal absorption studies through naive skin may not be used to predict percutaneous absorption through fuel preexposed skin, which is the more likely occupational exposure scenario.
In order to gain insight as to the mechanism for the increase in HC absorption through JP-8 preexposed skin, FTIR studies were conducted. FTIR spectroscopy provides information on the vibrational modes of stratum corneum lipid layer components and probes the structure on a molecular level (Casal & Mantsch, 1984) . Of particular interest in lipid studies are the IR absorbances near 2850 and 2920 cm −1 due to symmetric and asymmetric methylene group (H-C-H) stretching, respectively. Solvent extraction of the SC lipids results in reduction of the methylene group stretching absorbances. Biophysical evidence suggests that stratum corneum lipid domains are the primary barrier to both water loss and the penetration of compounds into the skin (Van Duzee, 1971) . The decrease in CH 2 stretching bandwidths, accompanied by a decrease in CH 2 band intensity, suggests an overall extraction of SC lipids (Levang et al., 1999) . Similarly, an overall SC lipid extraction was observed with most of aromatic ( Figure 4 ) and short-chain aliphatic HC in this study. These observations, which are critical to the potentiated absorption hypothesis stated earlier, are also in accordance with Monteiro- , who found SC delipidization on in vivo exposures of pigs to jet fuels. These authors used transmission electron microscopy (TEM) to study the lipid bilayers of SC after ruthenium tetraoxide staining.
It was not possible to detect long-chain aliphatic HC in our perfusate samples. One potential explanation is that these highly hydrophobic HC (log K o/w > 5) could not partition out of SC lipids to be absorbed through the skin (Riviere et al., 1999; Baynes et al., 2001; Muhammad et al., 2004) . FTIR was used as a biophysical tool to address this issue. Figures 5 and 6 present the FTIR spectrum of SC before and after treatment with tetradecane and hexadecane, respectively, along with the spectrum of its liquid HC alone as a reference. It was evident that peak widths and peak heights from tetradecane-and hexadecanetreated SC were higher than those of control SC. A slight peak shift toward greater wave number was also observed in the treated SC. A higher wave number shift in FTIR is an indication of increase in gauche conformers (Potts & Francoeur, 1993) . The broadening of peaks at 2850 and 2920 cm −1 is an indication of increased translational movement or mobility of lipid acyl chains (Naik & Guy, 1997) . On comparison with the reference HC spectra, it was revealed that these peak shifts might be due to binding of these long-chain HC with the SC lipids. These observations would also support the hypothesis that these long-chain aliphatic HC may contribute to jet fuel-induced skin irritation.
Another important finding of this study was the formation of dermal depot of certain HC (naphthalene, dimethyl naphthalene, and cyclohexyl benzene) as a result of repeated skin exposures to JP-8 (Table 4 ). The detection of these HC in the perfusates from the skin preexposed to JP-8 by topically dosing diluent only suggested that such HC might have potential for absorption even several days postexposure. Naphthalene, being relatively hydrophilic as compared to the rest of the HC, can partition out of SC into the viable epidermis/dermis (Baynes et al., 2000) . Hence it might be assumed that naphthalene could bind/ deposit in the hydrophilic environment of viable epidermis/dermis, thus producing persistent residues. It is not known why cyclohexyl benzene was retained in JP-8 preexposed skin. Structurally, cyclohexyl benzene is composed of two benzene rings arranged in a perpendicular plane/axes to each other. This structural configuration might suggest poor absorption through, but strong retention in, the skin. FTIR analysis for dimethyl naphthalene revealed that this HC could bind/deposit in SC, as shown in Figure 7 . This showed that three peaks (900-650 cm −1 ) of reference dimethyl naphthalene exactly overlapped with the peaks in SC treated with this HC.
In conclusion, our studies indicated a two-to four fold increase in absorption with most of the aromatic and some aliphatic HC through JP-8 preexposed porcine skin. Overall, lipid extraction from the SC by these HC may be the primary mechanism for this increased absorption as suggested by FTIR. The amount of in vitro percutaneous absorption of such HC was proportional to the length of in vivo preexposures. Long-chain HC like tetradecane, pentadecane, and hexadecane may bind in SC as observed with FTIR studies, which may further modulate absorption. Naphthalene, dimethyl naphthalene, and cyclohexyl benzene can form depots/residues in JP-8-exposed skin, capable of further absorption at days postexposure. Polar solvents can enhance the percutaneous absorption of fuel HC. Our results indicate that even single in vivo exposure of skin to JP-8 significantly affects the subsequent in vitro percutaneous absorption of aromatic HC as compared to absorption through the unexposed (naive) skin. Therefore, single-dose absorption data from naive skin for jet fuel aromatic components may not be optimal to predict the toxic potential for repeated exposures. There is a need to consider the repeated fuel exposure factor in risk assessment studies in occupational settings, as prolonged fuel exposure of skin for 4 d might significantly affect the absorption of some aliphatic HC compared to their absorption through naive skin.
